Washed-cell suspensions of Bacillus amyloliquefaciens secrete significant amounts of the extracellular enzymes a-amylase and protease for about 15 min in the almost complete absence of protein synthesis. This apparently represents release of preformed enzyme en route to secretion. The release was independent of energy but was affected by temperature. Pulse-labeling experiments showed that newly synthesized enzyme molecules are either immediately released into the external medium or equilibrate with the preformed enzyme prior to eventual secretion. The results are compatible with a model of secretion whereby enzyme molecules emerging from the cell membrane become temporarily restricted by the cell wall so that a small pool of active enzyme accumulates in this region.
Washed-cell suspensions of Bacillus amyloliquefaciens secrete significant amounts of the extracellular enzymes a-amylase and protease for about 15 min in the almost complete absence of protein synthesis. This apparently represents release of preformed enzyme en route to secretion. The release was independent of energy but was affected by temperature. Pulse-labeling experiments showed that newly synthesized enzyme molecules are either immediately released into the external medium or equilibrate with the preformed enzyme prior to eventual secretion. The results are compatible with a model of secretion whereby enzyme molecules emerging from the cell membrane become temporarily restricted by the cell wall so that a small pool of active enzyme accumulates in this region.
We are examining the mechanism of the vectorial transport of proteins through membranes, using as a model system the secretion of the extracellular enzymes a-amylase and protease by washed-cell suspensions of Bacillus amyloliquefaciens. In previous studies (3) it was consistently noted that small amounts of the enzymes were released into the external medium in the presence of inhibitors of protein synthesis such as chloramphenicol.
It was of importance to define what this release of enzyme represented. The most likely possibilities were that it was a trivial phenomenon representing elution of enzyme adsorbed to the cells or that it represented preformed enzyme en route to secretion. The results presented in this paper are compatible with the latter and with a model of secretion (1) in which newly synthesized extracellular enzymes can be secreted directly from the cell or become cell associated (but external to the permeability barrier) prior to release.
MATERIALS AND METHODS
Washed-cell suspensions. B. amyloliquefaciens cells were grown from a spore inoculum in a salts-maltose-Casamino Acids growth medium as described previously (1) . After growth for 25 h, the cells were harvested and washed twice in a suspending medium, which was the same as the growth medium except that FeCl3 and yeast extract were omitted. A washedcell suspension sample (20 ml) was shaken at 30 C and samples (1.0 ml) were removed at appropriate time intervals. The cells were removed by centrifugation and the supernatant fluids (or culture fluids) were assayed for extracellular enzymes.
Assay of enzymes. Protease activity was determined by a casein digestion method (5) . However, to measure low levels of the enzyme, a Remazol brilliant blue-hide powder assay (7) was used and protease activity was converted to the units used in the casein digestion assay. a-Amylase and ribonuclease were assayed as previously described (1 Rabbit antisera to the extracellular enzymes were fractionated on diethylaminoethyl-cellulose columns and the gamma globulin fractions were collected and concentrated by vacuum dialysis in collodion bags. Goat anti-rabbit gamma globulin was similarly purified after injecting goats with normal rabbit gamma globulin.
Materials. Radiochemicals were obtained from lase and protease continued for approximately 15 min ( Fig. 1, 2 ). This was due to the release of preformed enzymes from the cell, since chloramphenicol at 10 gg/ml inhibited protein synthesis immediately as measured by ["4C ]-phenylalanine incorporation (Fig. 3) . The same release occurred in the presence of 100 ,g of chloramphenicol per ml, puromycin (20 gg/ ml), or sodium fusidate (22.5 gg/ml), all of which inhibited protein synthesis immediately and almost completely. Cell lysates were examined for enzyme; washed-cell suspensions were treated with chloramphenicol (10 ug/ml) and immediately cooled to 0 C (at which temperature release does not occur). The cells were disrupted in the French pressure cell at 0 C and the lysate was were harvested, washed twice in suspending medium, and resuspended in this medium. Chloramphenicol (10 Ag/ml) was added and the release of extracellular a-amylase was followed for 20 min. This was compared with the release of enzyme from cells which had not been exposed to chloramphenicol in the culture medium but which were treated with the drug at zero time in the washed-cell suspension experiments. Symbols: *, no addition of drug; 0, 10 1g of chloramphenicol per ml added at time zero to a normal washed-cell suspension; A, 10 stg of chloramphenicol per ml added at zero time to a washed-cell suspension prepared from culture cells preexposed to chloramphenicol. centrifuged at 150,000 x g for 3 h at 0 C. Protease and a-amylase were found in the supernatant fluid in amounts porresponding to those released by the same quantity of cells incubated at 30 C in the presence of chloramphenicol. (The protease value was 98% of the expected and the a-amylase 97%.) The remaining activity was detected in the pellet fraction.
The cell-associated enzyme pools were not due to simple adsorption to the cell walls. When cell cultures containing large amounts of extracellular protease (about 700 U/ml) and a-amylase (about 600 U/ml) were treated with chloramphenicol (10 ug/ml) for 15 min before harvesting of the cells, subsequent incubation of the cells in the presence of chloramphenicol (10 Mg/ml) gave no release of enzyme ( Fig. 1, 2 ).
The release is not therefore due to simple desorption of contaminating enzymes.
2,4-Dinitrophenol (2 mM) and sodium azide (20 mM) did not affect the chloramphenicol- insensitive appearance of the extracellular protease by washed-cell suspensions (Fig. 4) , although it was shown that these drugs separately inhibited general protein synthesis by greater than 95% (Fig. 5 ). a-Amylase release was similarly unaffected.
Enzyme was not released from the cells in the presence or absence of chloramphenicol at 0 C. This was apparently not due to the necessity for an enzymic reaction in the release process; if cells in the presence of chloramphenicol were incubated at 10 or 20 C, then release occurred until 25 and 50%o, respectively, of the maximum had appeared and then no further release was observed.
Since it seemed likely that the preformed pools of enzyme are en route to secretion, it seemed that a study of the release of these enzymes would give information about the normal release process in extracellular enzyme production. The experiments below are concerned with this.
Time of appearance of pulse-labeled protease and az-amylase in the external me- tive protein accumulating in the external medium, 3.5-ml samples were centrifuged and any remaining bacterial cells were removed by filtering through membrane filters (0.45 Am; 47 mm; Millipore Corp.). Samples (1.0 ml) of the supernatant fluid were then added to 6.0 ml of 10% trichloroacetic acid containing 1% Casamino Acids and processed.
The addition of the Casamino Acids after the 90-s pulse period inhibited incorporation of "4C-labeled amino acids into total proteins after about 4 min (Fig. 6a) , although radioactive material continued to accumulate in the external medium for about 15 min (Fig. 6b) . Using an immunological precipitation assay it was possible to determine how much of the radioactive material in the external medium was due to the extracellular enzymes, a-amylase and protease. To supernatant samples (2.0 ml) previously filtered through membrane filters, a fixed amount of either anti-protease or anti-amylase rabbit gamma globulin was added at a twofold excess to complex each exoenzyme. After incubation at 37 C for 60 min, a predetermined amount of goat anti-rabbit gamma globulin was added to precipitate maximally the previous complex. Incubation was continued for a further 60 min at 37 C and then 16 h at 4 C. The precipitate was washed three times with 5.0-ml lots of cold 0.9% (wt/vol) saline by centrifugation and resuspension and was collected onto 47-mm membrane filters (Millipore Corp.), and the filters were washed five times with 10.0-ml portions of cold saline. The filters were then dried and the radioactivity was determined by liquid scintillation. Controls in which antibody was replaced by nonimmune rabbit gamma globulin were treated identically to correct for the nonspecific precipitation of radioactive material. It can be seen that both protease and a-amylase appeared in the external medium of the washed-cell suspension and that there was no apparent delay before this pulse-labeled enzyme emerged (Fig. 7) . After the pulse period it takes about 15 min before all of the radioactive a-amylase or protease synthesized in 90 s is extracellular corresponding with the time for the chloramphenicol release of the enzymes described above.
Equilibration of new enzyme molecules with the preformed pool of enzyme. If the newly synthesized enzyme equilibrates with a pool of preformed enzyme awaiting release, then pulse-labeled cells will secrete enzyme of a higher specific activity in the absence of the pool than in normal cells containing the pool. To test this prediction, a washed-cell suspension was exposed to chloramphenicol (10 lg/ml) cell suspension, not exposed to chloramphenicol, was also incubated at 30 C for 15 min. After 15 min, a 1.0-ml sample from each of the two suspensions was removed and diluted 15 times in suspending medium lacking Casamino Acids at 30 C. A 10.0-ml sample of these diluted cells was then filtered on a 47-mm membrane filter (Millipore Corp.) and washed five times with 10.0 ml of the same medium at 30 C. This procedure removes chloramphenicol from cells so that general protein synthesis and extracellular enzyme synthesis resume immediately (2) . The cells on the filter were then placed into a flask containing 10 ml of suspending medium lacking Casamino Acids but containing 0.5 ACi of reconstituted "4C-labeled protein hydrolysate per ml. The flask was then shaken at 30 C for 90 s and 1.0 ml of a 40% (wt/vol) Casamino Acids solution was added. After the addition of the Casamino Acids, a 5.0-ml sample was taken immediately and again after 5 min of incubation at 30 C. Cells were removed by centrifugation followed by membrane filtration. The filtrates were assayed for protease using the Remazol brilliant blue-hide powder assay. The radioactivity in the protease was measured by the immunological precipitation procedure described earlier. In three separate experiments, the specific activity of the protease (counts per minute per unit of enzyme activity) from cells pre-incubated with chloramphenicol was approximately 2.5 times greater than that from control cells (Table 1) . To check the possibility that the internal amino acid pools were reduced by chloramphenicol treatment, the specific activities of the amino acids of the control and chloramphenicol-treated cells after the pulselabeling period were determined. The cells were treated and labeled for 90 s as in the previous experiment and then quickly transferred to 47-mm membrane filters (Millipore Corp.) and rapidly washed four times with suspending medium lacking Casamino Acids. The filters with the retained cells were then plunged into 10.0 ml of distilled water at 100 C and kept at this temperature for 10 min. Cell debris was removed by centrifugation (25,000 x g, 30 min) and the supernatant fluid was added to five volumes of saturated (1%) picric acid and left for 10 min at room temperature. After centrifugation, the supernatant fluid was passed through a Dowex 2 x 8 (100 to 200 mesh) column (1.0 by 4 cm). The column was washed with five bed volumes of 0.02 N HCl and the eluate was collected and freeze dried. The samples thus collected were divided into equal portions; one portion of the sample was analyzed on the Technicon amino acid analyzer and the other was similarly loaded except that fractions of the column effluent were directly collected. These fractions were put into Brays scintillation fluid and the radioactivity was determined. Owing to the low levels of amino acids present and the problems of incomplete separation in some instances, the specific activity (expressed as total counts per minute per micromole of amino acid) of only seven amino acids could be determined (Table 2) . However, the results do not support the idea that the chloramphenicol-treated cells contain internal amino acids, the specific activities of which were 2.5 times greater than those of the control cells. It therefore is concluded that the chloramphenicol-insensitive fraction and newly synthesized enzyme are secreted simultaneously.
Time course of accumulation of the cell-associated pool of enzyme. As shown above, chloramphenicol-treated cells, after removal of the drug, immediately synthesize and secrete extracellular enzymes into the external me-dium. The simplest explanation of our findings is that enzyme molecules emerge from the cell membrane and final release from the cell is to some degree restricted by diffusion through the cell wall resulting in the accumulation of a small pool underneath the cell wall. This agrees with recent findings (unpublished data) that protoplasts capable of secreting extracellular protease and a-amylase do not possess any preformed pools. The curious effects of temperature in altering the absolute proportion of the pool capable of release may possibly be due to different proportions of the enzyme adsorbing to or complexing with the cell membrane and/or cell wall.
A temperature-dependent, energy-independent release of penicillinase from chloramphenicol-treated B. subtilis and B. licheniformis cells has been previously reported (4, 6) . There are three forms of the penicillinase, one form tightly bound to the cell membrane and another form associated with the vesicles, with the latter being a precursor to the extracellular form (8) . It has been shown that in the presence of chloramphenicol penicillinase associated with the vesicular fraction is released, but not that bound to the cell membrane. This situation seems to be different from the present one since all of the cell-associated extracellular enzyme is released in the presence of chloramphenicol and no particulate association of the enzymes was established.
